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Abstract

Binary ferroelectric materials such as hafnium oxide have been intensively studied, which
are expected to exhibit robust ferroelectricity comparable to the perovskite-based ferroelectrics
at nanoscale. Here, using the combination of X-ray diffraction (XRD) associate with
Transmission Electron Microscope (TEM), we reveal the epitaxial growth of Al-doped HfO-
possessing various phase structures on different oriented SrTiOz substrates. The well-oriented
films show different ferroelectricity indicated by piezoresponse force microscopy (PFM). The
film grown on the (111) SrTiO3 substrate shows the largest electromechanical effect. These
results, with the analyses of structural characterizations, demonstrate the orientation control of

phase transitions and ferroelectricity in Al-doped HfO> thin films.
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1. Introduction

Bulk fluorite-structure hafnium oxide (HfO2) is known as monoclinic phase (P2:1/c, m-
phase) at room temperature. Although it exhibits different crystal phases (space group P42/nmc,
Fm3m, P21/c, Pbca, Pbcm) by increasing temperature, all these structures are centrosymmetric
and non-ferroelectric. Tracing from 2011, the ferroelectricity of hafnium oxide-based films was
discovered at the rare intermediate monoclinic-tetragonal phase transition [1-7], and it was
reported as the result of the formation of non-centrosymmetric orthorhombic phase (Pbc231, o-
phase) [3,8]. Recently, Wei et al. discovered a ferroelectric rhombohedral phase in well-
oriented HfosZro502 thin film [9], showing the presence of ferroelectricity in other phases
besides the well-known orthorhombic polar phase (Pca2:) [1]. In addition, compared to
perovskite ferroelectrics, it is noted that the ferroelectric properties can be retained even grown
on Si-based substrate instead of oxide single-crystalline substrates [10,11]. Thus integrating
hafnium oxide into complementary metal-oxide-semiconductor (CMQOS) processes is much
easier as it is a well-studied CMOS-compatible dielectrics [12-15]. The ferroelectric phase of
HfO. was discovered by Park et al. in 2013, revealing that the formation of polar o-phase is
transformed from the crystallization starting with the emergence of the tetragonal phase
(P42/nmc, t-phase) [16]. When the thickness of the film decreases to a certain size (~3-5 nm
for pure HfOy), the grain size will favor the ferroelectric phase due to the lower free energy,
which is critically different from conventional ferroelectrics [17]. These results show the
potential of hafnium oxide film on nano-scale fabrication that resolves the scaling limitation
issue, promising for ultrathin ferroelectricity and non-volatile memory applications.

Apart from the thickness or grain size manipulation, the achievement of ferroelectric
phase of HfO, can also be attained by adjusting various factors, such as dopants [3,4,18,19],
electrode capping layers [20-24], strain engineering [9,25-27], oxygen vacancies [28], and

electric field [29-31]. In this study, we report orientation control of phase transitions and



ferroelectricity in 10% Al-doped HfO2 (Al:HfO,) thin films ( thickness ~ 35 nm) on different
oriented SrTiOs (STO) substrates with Lao.7SrosMnO3 (LSMO) as bottom electrodes. The well-
oriented films show different phase structures revealed by the combination of x-ray diffraction
(XRD) with transmission electron microscope (TEM) measurements. Further piezoresponse
force microscopy (PFM) characterization indicates that the ferroelectric Al:HfO> thin films
with orthorhombic phase have been obtained on STO (111) substrate. Our results offer an
alternative approach to control the phase structures and ferroelectric properties in HfO2-based
thin films.
2. Experimental

Al:HfO2/LSMO bilayers were deposited on (100)-, (110)-, and (111)-oriented STO
single crystal substrates using a KrF excimer laser (Lambda Physik COMPex 205, A = 248 nm)
by pulsed-laser deposition (PLD) with a composite target of Hfo.9Alo.1O2. Here we chose 10%
Al doping HfO> target as either lower or higher Al content would deteriorate the ferroelectric
properties. The 50-nm-thick LSMO bottom electrode was deposited at 700°C with an oxygen
pressure of 15 Pa. The laser pulse repetition rate is 2 Hz and the laser energy density is 2.5 J
cm2. Then, the Al:HfO; film was grown on the top of LSMO layer under an oxygen pressure
of 2 Pa at the same temperature with a repetition of 1 Hz. After deposition, the sample was in-
situ annealed at 700 <C with 0.1 atm (10 kPa) O for 1 hour to reduce oxygen vacancies. After
that, the sample was cooled down to room temperature in the same ambient at the rate of 10
C/min. The 50-nm-thick bottom electrode LSMO film is confirmed as metallic behavior with
a good performance of transport properties [32].

The 2theta scans were carried out by x-ray diffraction (XRD, Rigaku SmartLab) to
reveal the crystal structures an phase competitions of Al:HfO. thin films on various oriented
STO substrates. The crystal profiles were further analyzed by high-resolution Field Emission

Electron Microscope STEM (JEOL Model JEM-2100F) to attain the lattice parameters. The



ferroelectric properties of Al:HfO. thin films were probed by Piezoresponse Force Microscopy
(PFM, Cypher, Asylum Research MFP-3D Infinity) equipped with a conductive Pt/Ir-coated
Si tip (Nano World) with diameter of 70 nm and the cantilever with a calibrated 2.8 N/m spring
constant at a free air resonance of ~75 kHz.

3. Results and Discussion

The lattice parameters of STO (100), (110) and (111) are 3.905 A, 5.522 A and 6.763
A, respectively. As the lattice parameter of hafnium oxide is 5.04 A in the cubic structure, it is
experiencing a compressive or tensile strain when growing on different-oriented STO
substrates. X-ray diffraction (XRD) 6-26 patterns of Al:HfO./LSMO films on different oriented
STO are shown in Fig. 1. The strongest intensity peak of each spectrum corresponds to the
STO substrate. The featured peaks with a ‘*’ denote the main peak of the hafnia. These XRD
scans indicate various phase structures of Al:HfO2 on STO (100), (110) and (111). Further
confirmation of the orientation control of phase transitions in Al:HfO2 thin films will be
discussed in the following section according to the XRD and TEM characterizations.

In Fig. 1, The film deposited on (100)-orientation shows two peaks at 28.25<and 33.48<
Although two peaks are close to the well-known m(111) and m(200) peaks representing a
monoclinic structure of HfO, [33], the second peak also matches the 0(002) structure with the
doo1=5.269A. To further determine the lattice parameter and the crystal structure grown on
STO(100), we performed transmission electron microscopy (TEM) studies. As shown in Fig.
2, it shows a low-magnification cross-sectional TEM image of the Al:HfO2 (~ 35 nm)/LSMO
(~ 50 nm) films on STO substrate. Epitaxial growth of LSMO on STO with sharp interface is
confirmed (also illustrated by selected area electron diffraction in Fig. 2(b)). High-resolution
TEM image of the Al:HfO: film on LSMO layer, as shown in Fig. 2(c), reveals a textured
polycrystalline growth of Al:HfO>. With the support of XRD spectrum, one can note that

Al:HfO: is not randomly orientated. From Fig. 2(c), large grains can be observed with preferred



orientation. By combining the SAED and enlarged TEM image (Fig. 2(b) & (d)), a relatively
large lattice constants (a = 5.226A, b = 5.04A, ¢ = 5.3A) with c-axis along the film normal
direction growth are confirmed.

Next, we turn to the study of Al:HfO thin film grown on STO(110). According to XRD
results in Figure 1, the peaks appear at 20 = 28.3°and 58.27< It is interesting to notice that
these two peaks not only match the monoclinic phase m(111) and m(222), but also another
orthorhombic Pmnb phase-0(002) and 0(200). Dissimilar to the conventional ferroelectric o-
phase, this phase was identified as the cotunnite-type structure, and it has a relatively large
parameter along c-axis, i.e., ¢ = 6.283A. Yet, it is a non-ferroelectric phase similar to
monoclinic phase due to the centrosymmetry. The crystal structure of Al:HfO> grown on
STO(110) is further classified as non-ferroelectric structure microscopically from the TEM
results. One can see from the contrast of the image shown in Fig.3(a) that the film is under a
large strain state induced by the substrate. (111)-oriented film was deposited on the (110)-
oriented STO substrate, with the d-spacing of 2.99A along the out-of-plane direction; while it
shows a (110)-oriented in-plane along the (001)sto direction. In Fig.3(b-c), it reveals the
presence, at the interface with LSMO, of the film that is a different phase in contrast to the rest
of the Al:HfO; film. The results of t-phase are different from that of XRD. As mentioned by
Wei[1], it is believed that the interfacial Al:HfO2t-phase is completely strained to the substrate
corresponding to a huge in-plane tensile stress of lattice mismatch. When thickness increases,
the m-phase starts to emerge and becomes the majority phase of Al:HfO film. Hence, the
difference between XRD and TEM results can be explained.

On the other hand, ferroelectric 0(002) peak of Al:HfO: film on STO(111) is detected
by XRD. As shown in the TEM images (Fig. 3(d-f)), the film has a column-like growth with a
strong preferred orientation. From the HRTEM image, we deduce the d-spacing (dooz) is 2.53A,

which is consistent with the XRD results. The lattice parameters of Al:HfO film on STO(111)



are thus determined as a = 5. 36A, b = 4.66A, ¢ = 5.06A, where in-plane lattice is slightly
distorted from substrate mismatch. Notably, most of the film depositions follow the orientation
of the substrate using PLD, but Al:HfO- film shows a different way because of the clamping
effect of the substrate.

Figure 4 shows the piezoresponse force microscopy response of Al:HfO, films
deposited on three different oriented STO substrate. For all the films, the measured off-field
butterfly loops and corresponding 180<flipped hysteresis loops at the minimum amplitude
show ferroelectric characteristics. The out-of-plane PFM images of the Al:HfO- film also point
to its ferroelectric polarization switching after applying external voltage of #10 V. For the
Al:HfO; thin film deposited on STO (111), the 180<°phase contrast and domain structure
written on the film as well as the minimum amplitude in the boundary reveal the domain
structure with antiparallel polarizations as shown in Figure 4(c-e).

PFM images for Al:HfO, films on STO (100) and STO (110) also show the similar
results to that of STO(111), as shown in Fig 5. It is obvious that Al:HfO2 on both (100)- and
(111)-oriented STO show ferroelectric properties in PFM response due to the presense of
ferroelectric o-phase. Interestingly, the m-phase dominated Al:HfO: film on STO (110) also
shows ferroelectric behevior, as shown in Fig.1. These results suggest that a small portions of
ferroelectric o-phase may be present in the films grown on STO (110) while the fraction is
relatively small to be detected by XRD. This claim can be supported by PFM results (see Fig.
1(a)). It is remarkable to notice in Fig. 1(a) that the magnitude of the hysteretic amplitude loop
of Al:HfO2 on STO(111) is relatively higher than the others, while that of STO(110) is the
lowest. This difference can be attributed to the different ferroelectric properties induced by

different lattice strain conditions.

Conclusions



In summary, phase transitions have been induced by growing ~ 35 nm-thick Al-doped
HfO> thin films on different orientated STO substrates, leading to various ferroelectric
properties. XRD and TEM measurements reveal the coexistence of monoclinic and
ferroelectric orthorhombic phases on STO (100) substrate, while the films on STO (110)
substrate exhibit mixed monoclinic and non-ferroelectric orthorhombic phases. Ferroelectric
orthorhombic phase is formed in Al-doped HfO2 on STO (111) substrate, which shows strong
and reversible ferroelectricity observed using PFM. Therefore, this work demonstrates the
substrate orientation driven phase transitions and tuned ferroelectric properties in Al-doped
HfO> thin films, providing an alternative approach to manipulate the crystal structure and

ferroelectric performance of HfO»-based ferroelectrics.
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FIGURE CAPTIONS

Fig. 1. XRD structural characterization of Al:HfO> films on LSMO-buffered (100)-, (110)- and

(111)-oriented STO.

Fig. 2. Structure of Al:HfO2/LSMO on (100)-oriented STO. (a) Low magnification TEM cross-
section image of 35 nm-Al:HfO; on STO substrate; (b) the corresponding SAED pattern; (c)
high-resolution TEM image of the Al:HfO2/LSMO observed along [100] direction revealing a
clear interface, and (d) that of Al:HfO. with d-spacing indications. The out-of-plane direction
is [110]sto (zone axis). Red and orange arrows denote the direction of Al:HfO; and STO,

respectively.

Fig. 3. Electron microscopy characterization on (110)- and (111)-oriented STO. (a,d) Low
magnification TEM cross-section image, (b,e) the corresponding SAED pattern, and (c,f) high-
resolution TEM image of the Al:HfO./LSMO on (a-c) (110)- and (d-f) (111)-oriented STO,

respectively. Both zone axis of images are {110}sro.

Fig. 4. Piezoresponse of Al:HfO> film on three different oriented STO. (a) PFM amplitude and
(b) phase hysteresis loops on (100)-, (110)- and (111)-oriented STO; (c) PFM out-of-plane
amplitude, and (d) phase images, and (e) the corresponding line scan through the poled area

for Al:HfO2(001)/ LSMO/ STO(111) after writing an area with +10V (left) and -10V (right).

Fig. 5. PFM out-of-plane amplitude, and PFM phase image of the poled area for Al:HfO; films

on (a-b) STO(100) and (c-d) STO(110) after writing an area with +10V (left) and -10V (right).
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